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ABSTRACT: Parkinson’s disease (PD) is a neurodegenerative disease with the major pathology being 

the progressive loss of dopaminergic (DA) midbrain neurons in the substantia nigra. As early as in the 

1980s, open-label clinical trials employing fetal ventral mesencephalon (fVM) tissues have demonstrated 

significant efficacy for PD treatment, which led to two NIH-sponsored double-blind placebo-controlled 

clinical trials. However, both trials showed only mild outcome. Retrospective analysis revealed several 

possible reasons that include patient selection, heterogeneity of grafts, immune recognition of grafts, 

lack of standardization of transplantation procedure and uneven distribution of grafts.  Recent years 

have seen advances in reprogramming technologies which may provide solutions to the problems 

associated with fVM tissues. Induced pluripotent stem cells (iPSCs) and induced neural stem cells 

(iNSCs) hold promise for generating clinical grade DA neural cells that are safe, homogeneous, scalable 

and standardizable. These new technologies may bring back clinical trials using cell therapy for PD 

treatment in the future.    
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Parkinson’s disease (PD) is the second most common 

neurodegenerative disease in people over 60 years old [1, 

2]. The major pathology of PD is the progressive 

degeneration of dopaminergic (DA) neurons located at the 

substantia nigra in midbrain, which send axonal 

projections to striatum and are involved in the circuits 

controlling motor functions. In addition to motor 

symptoms caused by degeneration of DA neurons, many 

PD patients also present with non-motor symptoms, such 

as cognitive impairment and mood problems [3].   

To date, no disease modifying treatments exist in 

clinics. The current treatments mostly target the 
symptoms only. Pharmaceutical drugs, such as levodopa, 

catechol-O-methyl transferase, and monoamine oxidase 

inhibitors, aim at replenishing or stabilizing dopamine 

supply in striatum; Deep brain stimulation (DBS) 

normally works by electrically lesioning subthalamic 

nucleus (STN) or globus pallidus interna (GPi) to increase 

the collective motor output. However, neither of the above 

can stop nor reverse the progress of DA neuron 

degeneration in midbrain. Other emerging treatments that 

have gone through clinical trials include gene therapies 

and cell transplantation therapies. Through gene therapy, 

viral vectors encoding GAD, neurotrophic/growth factors, 

or enzymes sufficient for production of dopamine have 

been trialled or still underway [4-9]. In this short review, 
I will focus more on the cell therapy aspect of PD 

treatment.  
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Human fetal ventral mesencephalon (fVM) tissue 

transplantation for PD treatment 
 

In PD patients, the degenerating neurons are restricted in 

space and cell type – mainly DA neurons at the substantia 

nigra are injured; this feature attracts the interest of cell 

biologists and makes PD a feasible disease for cell 

transplantation therapy. In adult brain, it is very difficult 

to reconstruct the nigro-striatal circuit. DA neurons placed 

at the substantia nigra lack the appropriate 

microenvironment to send their axons into the striatum. 

Instead, dopamine-producing tissues/cells were engrafted 

at striatum in order to replenish dopamine supply. Since 

the 1980s, various cell sources have been tested, which 

include autografts of adrenal medulla, sympathetic 

ganglion, carotid body-derived cells, xenografts of fetal 

porcine ventral mesencephalon, and allografts of human 

fetal ventral mesencephalon (fVM) tissues [1, 10-14]. 

Among them, the most successful were the studies 

employing fVM tissues. In the initial open-label trials, PD 

patients receiving fVM tissues showed steady 

improvement in symptoms and survival of functional 

grafts as evidenced by PET imaging [14-20]. The 

encouraging results led to two double-blind clinical trials 

sponsored by National Institutes of Health (NIH) in the 

United States [21, 22]. Disappointingly, both trails failed 

to meet the primary end points. Although a subpopulation 

of patients showed significant improvement, as a whole, 

no statistical significance was observed. Even worse was 

that, for the first time, graft-induced dyskinesias (GID) 

was found in 15-50% of the engrafted patients. Since then, 

clinical trials using fVM tissues/cells have come to a 

standstill. Careful retrospective analysis revealed several 

possible reasons for the mild outcome. The subpopulation 

that responded well to fVM transplantation were 

relatively younger patients at an early stage of PD who 

remained responsive to levodopa treatment [23, 24]. It 

seems certain numbers of remaining endogenous nigro-

striatal innervations are necessary for fVM grafts to exert 

significant functions. Another possible reason was the 

immune recognition of incoming grafts. Although the 

brain is a relatively immune privileged organ, allogeneic 

neural grafts may still elicit innate and adaptive immune 

signaling, which can influence transplantation outcomes 

[25-27]. In one of the two double-blind clinical trials, 

immunosuppressant cyclosporine was administered two 

weeks before and through six months after transplantation 

[21]. Patients experienced improvement in motor 

functions until the withdrawal of immunosuppression, at 

which time the patients’ symptoms started to deteriorate. 

The coincidence in timing suggests that allograft-induced 
immune recognition plays an important role. The 

mechanisms underlying GID still remain unclear. One 

possibility was that the uneven distribution of grafts 

resulted in unbalanced innervations and formation of “hot 

spots”, leading to pulsatile stimulations. Another 

possibility was that midbrain grafts were heterogeneous; 

they contained not only DA neurons but also other 

neuronal subtypes, such as serotonergic neurons. 

Serotonergic neurons can convert levodopa to dopamine 

and release it as a “false” transmitter. However, 

serotonergic neurons lack the autoregulatory mechanism 

to control the extracellular level of dopamine; this 

“uncontrolled” release of dopamine may contribute to 

levodopa-induced dyskinesia, but cannot explain why 

GID still existed after a complete withdrawal of levodopa 

in engrafted patients. However, that administration of 5-

HT1A agonist buspirone can relieve GID in transplanted 

patients indicates a significant role of serotonergic 

neurons in GID [28, 29]. In addition, the aggravation in 

GID following discontinuation of immunosuppression 

suggests the involvement of immune signaling in GID 

[21].  

 

iPSC-derived dopaminergic cells 

 

The above problems associated with transplantation of 

fVM tissues/cells are two folds: recipients and donor cells. 

Selection of patients at a relatively early stage of PD 

without severe non-motor symptoms may give a better 

outcome. The ideal donor cells would be autologous 

homogeneous dopaminergic cells which are safe and 

standardizable. However, this has been impossible until 

the advent of recent reprogramming technologies, which 

may provide solutions to the donor cell problems. In 2006 

and 2007, Yamanaka and colleagues reported the 

conversion of mouse and human fibroblasts into 

embryonic stem cell – like cells, namely induced 

pluripotent stem cells (iPSCs) [30, 31]. Due to these 

ground-breaking findings, Yamanaka was awarded Nobel 

Prize in 2012. iPSCs can be derived from patients’ own 

somatic cells and thus have identical or almost identical 

genetic background. As donor cells, iPSC-derived DA 

neurons may circumvent or greatly reduce the adverse 

effects of allograft-associated immune responses. The 

conventional way to induce iPSCs involves use of 

integrative viral vectors and fibroblasts as starter cells. 

With technological advancement, now iPSCs can be 

obtained using non-integrative (transgene free) methods 

[32-37] from relatively more accessible tissues/cells, such 

as blood cells [38]. iPSCs can be passaged extensively in 

vitro and this great expandability makes it easy to meet 

the scalability requirements for clinical applications. 

Theoretically, with infinitely expandable iPSCs to start 

the differentiation process, even if the efficiency for DA 
neuron production is low, sufficient number of donor cells 

may be generated to meet the transplantation purposes. 

Also, another advantage with a potentially large number 
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of iPSCs is that there are ample cells for further 

enrichment and manipulation, such as magnetic cell 

sorting or flow cytometry, a procedure that normally 

incurs significant cell loss. One problem associated with 

the great proliferative capacity is the risk to develop 

tumors. Two strategies can be used separately or in 

combination to reduce the tumor risks. The first, is to 

improve paradigms to robustly differentiate the iPSCs 

towards specific neural subtypes. Normally, the extent of 

differentiation correlates inversely to the tumorigenic 

capacity along the course of iPSC specification. Treating 

monolayer iPSCs with small molecules, such as 

SB431542 and CHIR99021, may be an option to enhance 

the robustness of differentiation. The second, is to remove 

the residual pluripotent tumorigenic stem cells and enrich 

for neural subtypes. NCAM has been used as a surface 

marker to enrich for neural cells [39] and Corin as a 

marker to select for DA neurons over serotonergic 

neurons [40-42]. However, a single marker may not be 

enough to accurately isolate pure DA neurons. Future 

work is needed to identify more positive and/or negative 

surface markers to ensure homogeneous population of DA 

neurons. iPSCs hold great promise to produce autologous 

homogeneous DA neural cells for safe and efficacious 

treatment of PD. Encouraged by the approval of clinical 

trial which plans to use iPSC-derived retinal pigment 

epithelium (RPE) cell sheets to treat patients with 

exudative (wet-type) age-related macular degeneration in 

Japan, the PD field is anticipating proof-of-principle 

results of autologous iPSC-derived DA cell 

transplantation in large PD animal models. If it works, we 

may hope to see phase I clinical trials in the future.  

 

Induced dopaminergic (iDA) neurons 

 

An alternative way to obtain autologous DA neurons is to 

directly reprogram somatic cells to DA neurons and thus 

bypassing pluripotent states.  Wernig and colleagues have 

reported a direct conversion of fibroblasts to mature 

neurons by three factors, Ascl1, Brn2, and Myt1l or Zic1 

[43]. However, these induced neurons (iNs) are mostly 

glutaminergic and GABAergic, and do not contain DA 

neurons. Our lab and collaborators used, in addition to 

Ascl1 and Brn2, eight key factors that play central roles 

in the specification of dopaminergic neurons, and 

successfully generated induced dopaminergic (iDA) 

neurons from mouse fibroblasts [44]. Then we tried to 

reduce the number of factors and achieved a 5-factor 

combination that can induce iDA neurons with relatively 

higher efficiency. Other groups have also reported iDA 

neurons converted from mouse and human somatic cells 
using slightly different combinations of factors [45-48]. It 

seems those key DA neuron factors may be involved in a 

regulatory network and one factor would affect another. 

iDA neurons could offer a valuable platform to study 

patient-specific (particularly familial PD patients) DA 

neurons to better our understanding of disease 

mechanisms and to facilitate drug screening. However, 

mature neurons normally have difficulty surviving 

transplantation processes and may not suit well cell 

therapy purposes.  

 

Induced neural stem cells (iNSCs) 

 

Compared to iNs, adult neural stem cells (NSCs) or neural 

progenitor cells (NPCs) with the potential of DA neuron 

specification may be a suitable cell source for engraftment. 

Inspired by the iPSC and iN work, our lab and 

collaborators tested the hypothesis of reprogramming 

mouse somatic cells directly to NSC-like cells. Using 

eight or nine factors, we generated induced NSCs (iNSCs) 

from mouse sertoli cells and tail-tip fibroblasts [44, 49]. 

These iNSCs can self-renew and differentiate to different 

neuronal subtypes including DA neurons. Importantly, 

they can also survive transplantation and differentiate to 

neurons after being introduced into the dentate gyrus of 

adult hippocampus [49] or naïve and 6-OHDA-lesioned 

striatum of mice [50]. Other groups have also reported 

iNSCs converted from mouse and human somatic cells 

[51, 52]. Compared to iPSCs, iNSCs represent less 

tumorigenic risk. However, iNSCs as well as most adult 

tissue stem cells, do not possess the extensively 

proliferative capacity, and this relatively limited 

scalability may need to be addressed in certain clinical 

context. In addition, whether iNSCs have efficacy in PD 

models remains to be illustrated.  As a compromise, 

iNSCs/iNPCs can be obtained from the intermediate 

pluripotent cells during iPSC induction [53-56], by 

changing the medium to what can selectively support 

NSC growth. Pei and colleagues have managed to 

generate iNPCs from human urine epithelial-like cells by 

using this strategy [54]. These iNPCs exhibited primitive 

features with a good proliferative capacity, and could give 

rise to DA neurons in vitro [54]. It remains unclear 

whether these cells are safe and/or efficacious in PD 

animal models.  

In summary, the reprogramming technologies have 

raised new hope for PD patients. Obtaining safe, 

homogeneous, scalable and standardizable DA neural 

cells would be a key to bringing cell therapy back to 

clinical trials for PD treatment in the foreseeable future.  
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